The droop property of blue GaN light emitting diodes (LEDs) has been improved by creating a 9 quantum well (QW) LED on a patterned sapphire substrate (PSS). The droop ratio was improved from 45.9 to 7.6%. At a wavelength of 447 nm, and with standard on-header packaging, the 9QW PSS-LED had an output power of 27.6 mW and an EQE of 49.7% at a current of 20 mA. The output power of the 9QW PSS-LED remains linear with increasing drive current, even up to relatively high current density, and the EQE is almost constant.
Introduction: Recently, the light emitting diode (LED) market has been spreading rapidly. Ten years ago, LED devices were only suitable for low brightness and low power applications, such as indicator lamps. At present, LEDs are applicable for high brightness and high power devices (e.g. illumination, car head-lamps) owing to improvements in the external quantum efficiency (EQE). However for commercialisation, LEDs still have a serious problem, known as 'droop'. Droop is a decay of the EQE at high driving current. Almost all InGaN LEDs exhibit a maximum EQE at a very low current density (typically less than 10 A/cm 2 ), unlike other lll-V LEDs (e.g. (In,Al,Ga)As and (Al,Ga)InP). As current density is increased beyond 10 A/cm 2 , a monotonie decay in EQE is observed even under short-pulse, low-duty-factor, constant temperature injection [1 -3] . There are different proposed explanations for droop, such as current roll-over [4] , carrier injection efficiency [5] , polarisation fields [6] , Auger recombination [7] , junction heating [8] , carrier delocalisation from quantum dots [9] , exciton dissociation [10] , and high plasma carrier temperatures (hot carriers) [11] .
Owing to this droop, more LED chips are needed for high power devices, leading to higher prices. Car lamp assembly and illumination manufacturers cannot completely shift to using LED devices because of their high cost. If the droop problem is resolved, these manufacturers can shift to LED devices completely, and the LED market will spread greatly. In this Letter, we report the fabrication and characterisation of InGaN-based LEDs on patterned sapphire substrates (PSS) with improved droop. Results: A schematic of the device structure is shown in Fig. 1 . The typical temperature range was 10508C for the n-type GaN layer, with a V/lll ratio (the ratio of NH 3 mole fraction to trimethyl-gallium mole fraction) of 3000. The active region was grown at 8008C with a V/lll ratio of 12000. All MOCVD growth was performed at atmospheric pressure (AP). The PSS-LEDs were fabricated by the following process. LEDs with 526 × 315 um 2 mesa sizes were formed by conventional photolithography, followed by chlorine-based inductively coupled plasma (ICP) etching techniques to form the mesa. An indium tin oxide (ITO) transparent p-contact was deposited by electron beam deposition. A Ti/Al/Au-based n-contact and a p-pad were then deposited on the n-GaN layer and the ITO transparent p-contact, respectively. The fabricated devices were packaged on a silver header encapsulated with a silicone dome. All measurements were carried out under pulsed operations at room temperature, and the optical emission power was measured in a calibrated integrating sphere. The device characterisation is limited to 70 mA because of a standard package.
The droop ratio was calculated by (1):
Droop ratio = (Max EQE-EQE at 60 mA)/ Max EQE × 100(%)
Figs. 2 and 3 illustrate the emission power and EQE at increasing drive currents. Fig. 2 shows the results of the 6QW device, and Fig. 3 shows those of the 9QW device. At a current of 20 mA, forward voltage of 4.03 V and a wavelength of 447 nm, the 6QW PSS-LED has an output power of 28.1 mW and an EQE of 50.7%. However, the EQE of the 6QW device is greatly decreased by increasing drive currents. In contrast, the 9QW PSS-LED has an output power of 27.6 mW and an EQE of 49.7% at a current of 20 mA, forward voltage of 5.34 V and a wavelength of 447 nm. The output power of the 9QW PSS-LED remains linear with increasing drive current, even up to relatively high current density, and the EQE is almost constant, as can be seen in Fig. 3 . This is a very promising result. We believe that this improvement is owing to reduced carrier density in the device with a higher number of QWs. A lower carrier concentration would lead to reduced Auger recombination and lower carrier overflow from localised states and the QWs. As a result, the EQE remains constant with increasing drive current. The droop characteristics of the 6QW and 9QW devices are shown in Table 1 . The droop ratio of the 6QW device is 45.9%. In contrast, that of the 9QW device is only 7.6%, which is suitable for a commercially available product.
Increasing the number of QWs should be an effective method for improving droop. In the future, we will try to examine active regions with higher numbers of QWs, or increased well thickness, which will result in lower carrier density in the active region, thus improving the droop. In this Letter, we believe the main reasons for droop is Auger recombination, and carrier overflow. However, lower carrier concentration could improve droop for several reasons, such as dislocations [12] , Auger recombination [13] , carrier injection, transport, and leakage processes [14, 15] . Conclusion: We have improved the droop property of blue GaN LEDs by creating a 9QW PSS-LED. The droop ratio was improved from 45.9 to 7.6% by increasing the number of QWs from 6 to 9. At a wavelength of 447 nm, the 9QW PSS-LED had an output power of 27.6 mW and EQE of 49.7% at a current of 20 mA, with standard on-header packaging. In the 9QW PSS-LED, the output power remains linear with increasing drive current, even up to relatively high current density, and the EQE is almost constant. 
